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In one volunteer, five breast coils were evaluated for signal-to-noise ratio (SNR), uniformity, comfort, subject orientation, access to the breast, and unilateral imaging options. The four-coil arrays provided superior SNR, imaging flexibility, and access. Uniformity and comfort were issues with all coils. Substantial design differences exist between coils; purchasers should ensure that their specific requirements are met. © 
RSNA, 2002
Magnetic resonance (MR) imaging is a powerful diagnostic tool for the early detection of breast cancer. Although the sensitivity of breast MR imaging for the detection of lesions is extremely high, its specificity varies considerably as reported in the literature (1) (2) (3) . Specificity can potentially be increased by acquiring MR images with higher spatial or temporal resolution, but the signal-to-noise ratio (SNR) achievable in a given imaging time becomes limiting. SNR for a particular pulse sequence and magnet field strength is strongly influenced by the characteristics of the radio-frequency coil. A coil with superior SNR and good uniformity is desirable, particularly in screening applications. In addition, MR imagingguided interventions such as biopsies and wire localizations require that there be access to the breast during the procedure. In all applications, the comfort of the patient is important during an examination, which typically lasts 30 -60 minutes.
The purpose of this study was to evaluate and compare commercially available breast coils with the goal of acquiring the best coil for our needs.
Materials and Methods
Between December 1998 and February 1999, the characteristics of three commercially available and two homemade breast coils were evaluated for SNR, image uniformity, comfort, subject orientation in the magnet, visual and interventional access to the breast, and unilateral versus bilateral imaging options. All tests were performed with a 1.5-T MR imaging system (Signa EchoSpeed, software version 5.7; GE Medical Systems, Milwaukee, Wis).
One healthy female volunteer (aged 28 years) was included in this study. This volunteer was specifically chosen because she had slightly larger than average body size, with breasts characterized as bra size C. Images obtained in both breasts were used in the analysis. This study was approved by our institutional ethics review board, and informed consent was obtained.
The protocol consisted of two pulse sequences, a spin-echo transverse localization sequence (repetition time msec/ echo time msec of 300/14, 1.25 ϫ 2.50-mm in-plane resolution, 13 5-mmthick sections separated by 5 mm, one signal acquired), followed by a sagittal three-dimensional spoiled gradient-recalled-echo sequence (18.4/4.2, 20°flip angle, 0.78-mm in-plane resolution, 28 3-mm-thick sections, one signal acquired). The three-dimensional sequence achieved bilateral imaging by exciting two separate volumes in an alternating interleaved fashion (4). This sequence was repeated to provide two complete sets of MR images for each breast.
Three commercial phased-array breast coils were tested in this study: coil 1 (model M64BRA; Medrad, Indianola, Pa), coil 2 (model 605GE-64; Medical Advances, Milwaukee, Wis), and coil 3 (model OBC-63 SIG; MRI Devices, Waukesha, Wis). The coils were loaned by the vendors during the 3 months of the study. Not all coils were available at the same time, and the testing method was designed to be consistent but flexible. Coils 1 and 2 were twocoil arrays, while coil 3 was a four-coil array. Coils 1 and 3 were used in the manner specified by the manufacturer. With coil 2, however, the manufacturer suggested the use of a four-coil phased-array imaging
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configuration, although only two cables were connected to the device. The performance of this coil improved markedly when a multipurpose phased-array connector (Nortech Systems, Wayzata, Minn) and a two-coil phased-array configuration were used.
Of the two homemade coils, one was a one-loop elliptic coil (36 ϫ 23 cm) that surrounded both breasts and the other was a phased array that consisted of four rectangular coils (mediolateral array). The phased-array design had a medial coil (15 ϫ 9 cm) and a lateral coil (15 ϫ 10 cm) in contact with each breast. The lateral coils were positioned more posterior than the medial coils to allow clearer imaging of axillary tissue. With the three-dimensional spoiled gradient-recalled bilateral interleaved sequence, a switching network was used that allowed only the two coils associated with the left or right breast to be active at any given time.
SNR
The signal intensity in a 6.25 ϫ 6.25 ϫ 6.00-mm volume in the center of the breast was calculated on the sagittal threedimensional spoiled gradient-recalled MR images for each coil. The SD of the signal intensity of background air was used to estimate the Gaussian noise ( 0 ) in the image signal intensity. For one coil, the noise in regions with no signal intensity follows a Raleigh distribution and has an SD of 0.655 0 (5). This concept was extended to multicoil arrays by Constantinides et al (6) , who found that the SD in air is 0.682 0 for two-coil arrays and 0.695 0 for four-coil arrays. The noise measurement was adjusted for these factors. By considering both breasts and both images, four independent signal and noise measurements were used to calculate the mean SNR. All signal and noise measurements were completed by one of the authors (E.A.R.) by using an analysis program (MATLAB; MathWorks, Natick, Mass).
Uniformity
Image uniformity (U) was approximated by the following formula: 1 Ϫ [(SI max Ϫ SI min )/SI max ], where SI max is the maximum signal intensity, and SI min is the minimum signal intensity. This formula is a slightly modified version of the formula developed by Price et al (7) . A uniformity value of 1 represents a perfectly uniform image, while a value of 0 represents an image with signal intensity that varies between its maximum value and zero in the region being measured.
Only adipose tissue was considered because the signal intensity of the longer T1 fibroglandular tissue was much lower with the pulse sequences used. Mean uniformity was calculated for several representative lines that bisected the breast in the three principal directions: mediolateral, anteroposterior, and superoinferior.
Comfort
The comfort rankings are necessarily subjective. The rankings were based on feedback from the first volunteer and three additional female volunteers (age range, 30 -45 years; mean age, 37 years) of average body size, who lay on the coils but did not undergo MR imaging. Each of these volunteers ranked the coils from most (rank 1) to least (rank 5) comfortable and provided specific comments about each coil as they thought appropriate. In the Table, comfort rankings are averaged for all volunteers and rounded to the nearest whole number.
Orientation
An MR imaging examination can be an intimidating, even frightening, experience. Feetfirst entry into the imaging bore, with the patient facing the control room, helps reduce anxiety. Restrictions on orientation are noted in the Table.
Access
Each coil was assessed by an experienced mammographer, two MR technologists, and two MR physicists (N.B.K., E.A.R.) for both visual and interventional access to the breast. 
Unilateral Imaging Options
Phased-array breast coils offer the potential for improved SNR in unilateral breast examinations. The coil elements associated with the contralateral breast contribute no useful information to the final recombined image in a unilateral examination. If these contralateral coils can be deactivated, their noise contributions are eliminated from the final image. This gain in SNR can be exchanged for spatial resolution, or speed, which is critical for many breast screening procedures. Coils capable of performing unilateral imaging with a subset of coil elements are noted in the Table.
Results Figure 1 shows central transverse and Figure 2 shows central sagittal MR images obtained with each of the five coils in the first volunteer. The window width and level settings for these images were determined individually for optimized viewing. These images provide visual information on nonuniformity patterns that links to the measurements in Figure 3 .
SNR
In Figure 4 , mean SNR estimates were normalized to the SNR of the elliptic coil, which was the lowest for the five coils tested. The mediolateral array had the highest SNR, followed by coil 3. Coil 2 performed nearly as well, but coil 1 had the lowest SNR of the three commercial coils tested. The large regions of interest used to measure signal intensity and noise produced SNR measurements that varied by less than 10% for repeated measurements.
Uniformity
Uniformity data for each coil in the three principal planes are shown in Figure   Figure 2 . Sagittal three-dimensional spoiled gradient-recalled images obtained in the first volunteer with (a) coil 1, (b) coil 2, (c) coil 3, (d) the mediolateral array, and (e) the elliptic coil. 3. The mediolateral array was the least uniform in all planes. Images obtained with coil 1 and the elliptic coil showed poor uniformity in the mediolateral and superoinferior directions, but they had the best uniformity in the anteroposterior direction. Coils 2 and 3 performed similarly, with the best uniformity in the mediolateral and superoinferior planes and lower uniformity in the anteroposterior plane. These patterns can also be seen in Figures 1  and 2 .
Summary of Coil Properties

Comfort
For all volunteers, a well-padded contoured sternum support and a face-down head support were highlighted as important features for comfort. There was general agreement (four of four women) that the elliptic coil was the least comfortable because it lacked these supports. Coil 1 had a sternum support, a face-down head support, and a unique sculpted design that hugged the rib cage well up into the axillary region. All volunteers found this coil to be the most comfortable, although one of the two women with large breasts found it confining.
The mediolateral array had a homemade face-down head support and a wellpadded sternum support that three women found comfortable. The sternum supports for coils 2 and 3 were found to be uncomfortable by three volunteers. The integrated head cushion included as part of coil 2 requires a patient to lie with her head to the side. Coil 3 did not include any head support, which necessitated that the technologist stack pillows under the woman's head. Overall subjective comfort ratings, rounded to one digit, are given in the Table, with a rating of 1 being most comfortable and 5, least comfortable.
Orientation
Only coil 1 restricted the volunteers to headfirst entry into the MR imager bore.
Access
Coils 1 and 2 had closed opaque coil housings that prevented both physical and visual access. The elliptic coil allowed visual inspection but not physical access. The mediolateral array was constructed from clear acrylic that provided visual access and, with recent modifications, interventional access. Furthermore, the coil structures act as compression plates, which reduce the risk of motion during an examination or interventional procedure. The structure of coil 3 was open, which enabled full physical and visual access to the breasts. These characteristics are summarized in the Table.
Unilateral Imaging Options
The mediolateral array and coil 3 allowed selection of either the left or right breast with the coil elements for the opposite side switched off electronically. Coils 1 and 2, with two-coil arrays, did not support this feature. These options are summarized in the Table.
Discussion
Our choice of the first volunteer with body size larger than average was deliberate. A larger frame and breasts increase the filling factor and the electrical loading of the coils, two key factors in coil performance. Larger breasts that more completely fill the various coils also provide a better estimate of uniformity for the imaging volume of the coil. The breasts of a smaller volunteer would neither fill nor load the coils adequately and would provide a smaller area for the uniformity measurement. The comfort ratings are subjective; however, a larger woman would be more likely than would a smaller lighter woman to experience discomfort during an examination while lying on a poorly designed breast coil system. All the volunteers in this study ranked the order of comfort for the coils similarly.
Among the five coils tested, mean SNR with the mediolateral array was the best and that with the elliptic coil was the worst. Images obtained with both homemade coils showed nonuniformity. The elliptic coil was one large loop that encompassed both breasts; therefore, one would expect poor SNR and a nonuniform image. Conversely, the mediolateral array consisted of four coils that were scaled to the size of the breasts and lay close to them, a geometry that resulted in high SNR at the cost of uniformity.
Among the commercial coils 1-3, coil 1 had the lowest SNR in the center of the breast. The two-coil design of coil 1 consisted of one loop around each breast that extended into the axillary region. This geometry accounts for its nonuniformity and relatively low SNR. The greater uniformity and SNR with coil 2 suggest that its design is more elaborate. The advantage in SNR with coil 2, which is a two-coil array, would be reduced, however, if it were used as a four-coil array as directed by the manufacturer. Finally, coil 3, a four-coil array, has two coils for each breast, one that surrounds the breast and one that is localized to the lateral portion of the breast. This coil arrangement improved SNR and uniformity.
Design of a comfortable breast coil support requires careful distribution of weight over the abdomen, sternum, shoulders, and head of the subject. A well-padded contoured design that closely fits a woman's frame provides the most comfort; however, any design must account for a wide variation in body type.
Visual inspection is important for proper alignment of the breast during routine examinations. MR imaging-guided breast interventional procedures require physical access to the breast. Coil 3 was the only commercial coil that offered visual and physical access; however, the open design of the coil could lead to breast motion during imaging or interventional procedures unless some immobilization is added. Both elements in the two-coil arrays (coils 1 and 2) were active at all times, even when only one breast was imaged, which resulted in a penalty in SNR in unilateral examinations. This drawback is in part due to the hardware configuration of the MR imagers used in this study, which does not allow one-coil imaging through the phased-array port. The fourcoil arrays (mediolateral array and coil 3) avoided this hardware limitation by having two coils for each breast, a configuration that can be readily programmed for either two-coil unilateral or four-coil bilateral imaging on our imagers.
Each of the coils has strengths and drawbacks, and the importance of the various properties depends on the particular application. In some cases, for example, it may be appropriate to sacrifice some SNR for comfort or some comfort for access to the breast. Findings in this study serve as a starting point for understanding the numerous coil properties that influence the quality of breast MR imaging.
